Purpose: To analyse the literature of chemoinformatics, a subject that has arisen over the last few years and that draws on techniques from a range of disciplines, most notably chemistry (particularly computational and medicinal chemistry), computer science and information science. Method: Subject, author and citation searches of (principally) the Web of Knowledge database.
INTRODUCTION
Chemical information has been processed and exploited for many years, first in printed (Cooke, 2004) and then in computer form Hann and Green 1999) . It is now, under the name of chemoinformatics, a key component of modern chemical research (Gasteiger and Engels, 2003; Leach and Gillet, 2003) . Chemoinformatics' enhanced role has come about principally from the vast increase that has occurred in the volumes of data that need to be stored, searched and mined in research programmes for the discovery of biologically active molecules, most obviously but not exclusively in the pharmaceutical and agrochemical industries. These programmes involve the synthesis of large numbers of chemical compounds, followed by testing to identify those (normally very few) molecules that exhibit the biological activity of interest, e.g., lowering a person's blood pressure. The 1 Address: Department of Information Studies, University of Sheffield, 211 Portobello Street, Sheffield S1 4DP, UK; Telephone: 0044-114-2222633; Email: p.willett@sheffield.ac.uk explosion in research data has been occasioned by technological developments that have enabled both chemical synthesis and biological testing to move from an inherently sequential to a massively parallel mode of processing: combinatorial synthesis enables large numbershundreds or even thousands -of structurally related molecules to be synthesised simultaneously, and high-throughput screening (HTS) enables these molecules to undergo testing for (normally) in vitro biological activity simultaneously.
The first formal definition of chemoinformatics was that of Brown (1998) who stated that "The use of information technology and management has become a critical part of the drug discovery process. Chemoinformatics is the mixing of those information resources to transform data into information and information into knowledge for the intended purpose of making better decisions faster in the area of drug lead identification and optimization", a definition that ties the subject very closely to the pharmaceutical industry where many of the key developments have taken place. A more general definition is that of Paris, as cited by Warr (1999) : "Chem(o)informatics is a generic term that encompasses the design, creation, organization, management, retrieval, analysis, dissemination, visualization and use of chemical information". Most recently, Gasteiger (2006) has referred to it as "the application of informatics methods to the solution of chemical problems".
In this paper, we shall take 1998 as the starting point for our analysis, as this was when
Brown's first formal definition of chemoinformatics appeared. That said, many of the basic techniques in chemoinformatics were developed prior to that date; indeed, the title of the paper by Hann and Green (1999) is "Chemoinformatics -a new name for an old problem".
The 1998 starting point is thus rather arbitrary in nature and the interested reader is referred to several accounts (Chen 2006; Engel 2006; Willett 2003) that describe the historical development of the subject and of its core technologies, e.g., the use of graph, statistical and expert-system methods for searching chemical structure databases, for predicting biological activity, and designing synthetic pathways, respectively.
Bibliometrics involves the quantitative analysis of the literature of a subject domain, as represented by bibliographic entities such as keywords, classification codes, authors and citations. The newness of chemoinformatics -it is only recently that the first textbooks (Gasteiger and Engels, 2003; Leach and Gillet, 2003) and the first academic specialist courses (Wild and Wiggins, 2006) have appeared -means that there have been very few bibliometric analyses to date. Indeed, the only detailed study is that of Onodera (2001) , which commenced with an analysis of the papers chosen for abstracting in subsection 20-5 of the Chemical Abstracts database. This subsection is entitled "Chemical information, documentation and data processing" and Onodera showed that the Journal of Chemical Information and Computer Sciences was by far the most frequently occurring journal in this subsection during the period 1972-2000 (i.e., mostly prior to the recognition of chemoinformatics as a distinct discipline). Onodera then analysed the indexing terms assigned to articles appearing in this core journal and demonstrated that there had been noticeable changes in content over the years, with the initial focus on information science and computer applications -particularly techniques for representing and searching databases of chemical structures -being broadened to encompass topics such as property prediction, simulation and modelling (which were referred to as the molecular information sciences). The change in focus has been reflected in changes in the name of the journal: it started life as the Journal of Chemical Documentation (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) , then became the Journal of Chemical Information and Computer Sciences (1975-2004) Onodera (2003) that analysed the papers presented over 25 years at the Japanese "Symposia on Chemical Information and Computer Science"; this paper also considered the distribution of author affiliations and the relative importance of academic and of industrial contributions to the symposia. Finally, the most important papers in JCICS, defined as those attracting at least 100 citations since 1997, are briefly discussed in a review by Warr (2005) of the historical development of the field.
JOURNAL COVERAGE OF CHEMOINFORMATICS
The very recent appearance of chemoinformatics as a distinct discipline is clearly indicated by the fact that there is still some disagreement as to its name, with two closely related names being used to describe the field: cheminformatics and chemoinformatics (and a third, chemiinformatics, that is arguably more correct from a linguistic point but far less mellifluous when spoken).
A constantly updated analysis of Google postings (at URL http://www.molinspiration.com/chemoinformatics.html) suggests that cheminformatics is used noticeably more frequently than chemoinformatics. in this respect, http://www.amazon.com lists six books with chemoinformatics in the title (Bajorath, 2004; Gasteiger and Engel, 2003; Lavine, 2005; Leach and Gillet, 2003; Oprea 2005) , as against just one with cheminformatics (Noordik, 2004) ; there is also one entitled Chemical Information Management (Suhr and Warr, 1992) . We shall generally use chemoinformatics in this paper.
Articles on chemoinformatics may not, of course, contain that particular word (or a variant); but articles that do contain it may be assumed (with a fair degree of probability) to contain material about that subject. Journals that publish relevant material were hence sought using the query chemoinformatics OR cheminformatics OR "chemical informatics", the three most common search terms in academic usage in Table 1 . This search of the title, keyword and abstract fields retrieved 197 post-1997 documents in the WOK database, with 13 literature sources yielding a minimum of three documents as shown in Table 2 . Of these documents, the majority were journal articles with meeting abstracts the next most-common document type. With the exception of the top-ranked entry, which refers to papers presented at the twice-yearly national conferences of the American Chemical Society, it will be seen that the list is dominated by JCICS, hence confirming that it is the core journal for the subject. (Jorgensen, 2005) .
It is clear that chemoinformatics (in its various linguistic forms) is perceived to be rather different from chemical information, since the addition of OR "chemical information"
to the WOK query in Table 2 yielded 1024 documents in a wide range of journals. Thus, the top three sources in Table 2 Table 3 (as discussed in the next section).
Leydesdorff also provides comparable data for those journals providing at least 1% of the citations from (rather than to) a chosen journal. In the case of JCICS there are just five such journals (apart from JCICS itself), of which there is one -Journal of Computer-Aided Molecular Design -from amongst those in Tables 2 and 3 . The much smaller number of "citations from", as against "citations to" journals shows that JCICS papers cite a range of journals, rather than focusing on just a small number covering the same subject domain. This may be due to the fact that chemoinformatics is still emerging as a topic in its own right and that it is inherently multi-disciplinary in nature, drawing on work in both more general subjects (chemistry, computing, and library and information science) and more specific subjects (databases, medicinal chemistry, molecular modelling, QSAR etc.), which would imply that only a few journals would meet the 1% criterion. Journal data for citations to or from JCICS for the period 1981-1998 (i.e., before the emergence of chemoinformatics as a distinct discipline) are provided by Onodera (2001) .
Bibliometric studies have traditionally used the WOK databases to obtain productivity and citation data, but the last few years have seen the introduction of several new sources of bibliometric information, most importantly the Google Scholar and Scopus databases. The relative merits of the various resources are being increasingly discussed (Jacso, 2005; Meho and Yang, 2007) , and it has been suggested that multiple data sources need to be used if comprehensive statistics are to be obtained. In what follows, we have used just WOK data, but would not expect radically different conclusions were other sources to be used: for example, carrying out the search in Table 2 
Journal of Molecular Biology, Nucleic Acids Research and Proteins).
For each journal in Table 3 , we have listed the 20 most productive authors in this period, using the Analyse Results and Citation Reports routines in WOK; similar, but more extended, facilities are available in the HISTCITE system (Garfield and Pudovkin, 2004) . The reader should note that the use of a fixed cut-off (both here and elsewhere in the paper) means that there may well be other authors who published as many papers in a particular journal as the Table 2 ); this comment applies to a lesser extent to Molecular Diversity, where the majority of the articles deal with combinatorial synthesis rather than the computational aspects of molecular diversity analysis. There is, however, a considerable degree of overlap between the other journals, and this is further emphasised if we include the three further specialist publications in the three right-hand columns of the table. Two of the authors in Table 3 given the titles and content of these two QSAR journals; the second pairing reflects the fact that Journal of Computer-Aided Molecular Design, one of the leading molecular modelling journals, publishes a fair number of database-related papers. JCICS has the greatest number (eight) of productive authors who are also productive authors in other journals, which again reflects the key role that this journal plays in chemoinformatics and its multi-disciplinary nature.
THE CORE LITERATURE
One of the many uses of bibliometrics is the identification of the key publications in the development of a discipline, where the importance of a publication is assumed to be approximated by the number of citations to it, and we have hence sought the most cited papers in the core journal of JCICS (see also Warr (2005)) and in the associated specialist journals in the six right-hand columns of Table 3 . Searches were carried out for all documents in the chosen journals for the period 1998-2006, and the 4411 resulting documents (of which over 90% were articles) then ranked in decreasing order of the number of citations.
The 4411 documents attracted a total of 35,228 citations, with the 20 most highly cited documents (all articles) listed in Table 4 : many of these articles will be familiar to workers in the field of chemoinformatics, whatever their particular specialism. A characteristic of chemoinformatics is the widespread use of certain software packages (often available via specialist software companies such as Accelrys Inc. or Tripos Inc., inter alia) for, e.g., displaying molecules or searching databases. This has the result that many of the articles listed in Table 4 are the "standard" references that are cited whenever anybody subsequently uses these packages: such articles are denoted in the table by "(S)" after the citation count.
Obvious examples are GROMACS and MOLDEN (the two top papers in CScore software packages, respectively. Indeed, the two most cited articles in the history of JCICS (Warr, 2005) come into this category, these being the standard references for the database searching systems used by the Cambridge Crystallographic Data Centre (Allen et al., 1991) and by the Daresbury Chemical Database Service (Fletcher et al., 1996) ; both of these pre-date our 1998 starting point and are not included in Table 4 only because they have insufficient citations in the period 1998-2006. Review articles -denoted by "(R)" in Table 4 often attract large numbers of citations, e.g., from the introductory sections of subsequent papers, and there are two reviews here -those by Willett et al. (1998) and by Taylor et al. (2002) . Of the remaining 12 articles in the table, no less than four discuss the characteristics that differentiate drugs from other, non-drug molecules (Oprea et al., 2001; Hann et al., 20001; Oprea, 2000; Gillet et al., 1998) , and there are two on the calculation of binding energies (i.e., the strength with which a drug molecule attaches itself to a biological receptor) (Bohm, 1998; Wang et al., 2002) . The trends noted here continue if one goes further down the list of highly-cited documents, with the next ten rank positions containing two further reviews, three further software descriptions, and two further articles on the calculation of binding energies. Onodera (2001) noted that a large fraction of JCICS articles originated from outside of the USA, this fraction being greater than for any of the other journals published by the American Chemical Society, the world's largest publisher of chemical literature. This observation applies to the field of chemoinformatics more generally. Table 5 lists the geographical data for the ten most productive countries in the 1997-98 issues of JCICS (Onodera, 2001 ) and in the set of 4411 chemoinformatics documents described above. The USA provided 34.1% of the latter set of documents, but there were another 16 countries that provided at least 2% of those for which Country/Territory data are available in the WOK database. Note that Table 5 does not contain an entry for the United Kingdom as such, since England, Scotland, Northern or not-for-profit organisations with just two -Tripos, one of the major chemoinformatics software companies, at rank-position 27 and Pfizer, the world's largest pharmaceutical research firm, at rank-position 36. Commercial organisations do not normally figure in listings such as these, since they are focused on producing some commercial product rather than academic knowledge; the fact that two such organisations do appear here reflects the fact that much of the leading-edge research in chemoinformatics is carried out in industry, principally by software companies that are developing chemoinformatics packages and by pharmaceutical companies who purchase and use these packages or develop their own inhouse.
CONCLUSIONS
Chemoinformatics first appeared as a distinct discipline in the late-Nineties, since when it has generated a considerable literature. Analysis of data from, principally, 
